Carboxylesterase 5 (CES5) (also called cauxin or CES7) is one of at least five mammalian CES gene families encoding enzymes of broad substrate specificity and catalysing hydrolytic and transesterification reactions. In silico methods were used to predict the amino acid sequences, secondary structures and gene locations for CES5 genes and gene products. Amino acid sequence alignments of mammalian CES5 enzymes enabled identification of key CES sequences previously reported for human CES1, as well as other sequences that are specific to the CES5 gene family, which were consistent with being monomeric in subunit structure and available for secretion into body fluids. Predicted secondary structures for mammalian CES5 demonstrated significant conservation with human CES1 as well as distinctive mammalian CES5 like structures. Mammalian CES5 genes are located in tandem with the CES1 gene(s), are transcribed on the reverse strand and contained 13 exons. CES5 has been previously reported in high concentrations in the urine (cauxin) of adult male cats, and within a protein complex of mammalian male epididymal fluids. Roles for CES5 may include regulating urinary levels of male cat pheromones; catalysing lipid transfer reactions within mammalian male reproductive fluids; and protecting neural tissue from drugs and xenobiotics.
Genome Sequencing Consortium, 2004) are shown in Figure 1 (see Table 1 ). Alignments of human CES1 with human CES2 and CES5 showed 45% and 42% sequence identities respectively, while the alignment of human CES2 with CES5 showed 43% sequence identity (Table 2 ). This comparison of human CES1, CES2 and CES5 subunit sequences suggests that they are products of separate families of CES genes, which supports earlier proposals Holmes et al., 2008) .
The predicted amino acid sequence for human CES5 was eight residues longer (575 amino acids) than for human CES1 (567), and 16 residues longer than for human CES2 (559 amino acids) ( Figure 1 ). Comparisons of key residues are of particular interest, which have been previously shown to contribute to the catalytic, subcellular localization, oligomeric and regulatory functions for human CES1 (sequence numbers refer to human CES1). These include the active site catalytic triad (Ser228; Glu345; His458) (Cygler et al., 1993) ; microsomal targeting sequences, including the hydrophobic N-terminus signal peptide (von Heijne 1983; Zhen et al., 1995; Potter et al., 1998 ) and the C-terminal endoplasmic reticulum (ER) retention sequence (His-Ile-Glu-Leu) (Robbi & Beaufay 1983; Munro & Pelham 1987; Zhen et al., 1995) ; disulfide bond forming residues (Cys95/Cys123 and Cys280/Cys291) (Lockridge et al., 1987) ; and ligand binding sites, including the 'Z-site' (Gly358), the 'side door' (Val424-Met425-Phe426) and the 'gate' (Phe551) residues . Other CES class 1 specific residues included the 'charge clamp' residues contributing to the oligomeric subunit structures for human CES1 (Lys78..Glu183 and Glu72..Arg193), and the N-glycosylation site at Asn79-Ala80-Thr81 (Ozols, 1989; Kroetz et al, 1993; Bencharit et al., 2003; 2006; Fleming et al., 2005) . The predicted human CES5 sequence contained essential catalytic and structural residues, such as the active site triad, the disulfide bridges and the 'Z-site', and exhibited conservative changes in sequences for other key residues, such as the 'side door' and 'gate', which are proposed to facilitate product (acyl group) release from the CES active site .
Human CES5 showed a distinct predicted N-terminal 'signal peptide' sequence to that reported for human CES1 and CES2, and lacked relevant charge clamp residues, which contribute to the human CES1 oligomeric structure (trimer-hexamer) (Fleming et al., 2005) . Human and baboon CES2 have been shown to be monomeric enzymes (Pindel et al., 1997 ; RS Holmes, J Glenn, JL Vandeberg and LA Cox, Baboon carboxylesterases 1 and 2: sequences , structures and phylogenetic relationships with human and other primate carboxylesterases] and it is likely that human CES5 is also monomeric due to the absence of charge clamps reported for human CES1 (Fleming et al, 2005) . The predicted C-terminus for human CES5 lacked the reported endoplasmic reticulum retention sequence human CES1 and CES2 (HIEL and HTEL, respectively), which may contribute to this enzyme being secreted, rather than being localized within the endoplasmic reticulum (Clark et al., 2003) . Four potential N-glycosylation sites were observed for human CES5 (Table 3) which may assist in stabilizing the enzyme in support of its location in body fluids such as urine (observed in cats) (Miyazaki et al., 2006a) and in male reproductive fluids (observed in sheep) (Ecroyd et al., 2005) . N-glycosylation at the single Asn79-Ala80-Thr81 human CES1 site has been previously reported to contribute to the stability of the enzyme and in maintaining maximal catalytic for this enzyme (Kroetz et al., 1993; Fleming et al., 2005) , and similar roles for the multiple N-glycosylation human CES5 sites are proposed.
Comparative Mammalian CES Genomics
Structures for several mammalian CES genes have been determined, including human (Becker et al., 1994; Langmann et al., 1997; Pindel et al., 1997; Ghosh 2000; Marsh et al., 2004) and rodent CES1 and CES2 'like' genes (Ghosh et al., 1995; Dolinsky et al., 2001; Hosokawa et al., 2007; Furihata et al., 2003; 2006) . Six human CES genes have been described on chromosome 16 (Figure 2 ). The human CES1 gene, encoding the major liver CES but also expressed in lung, tumours, oesophagus, breast, uterus and most other tissues of the body (Shibata etal., 1993; Becker et al., 1994) , is defined by > 600 GenBank entries (Thierry-Mieg and ThierryMieg,, 2006 ) and maps at 16q13-q22.1 on the reverse strand ( Table 1) . The CES1 gene is transcribed into 5 alternatively spliced mRNAs, of which 3 are derived from 14 exons, encoding CES protein subunits that appear to be fully functional, forming CES1a, CES1b and CES1c isoforms (Figure 3 ). The human CES2 gene encodes the major intestinal CES (Schewer etal., 1997; Pindel etal., 1997) and is also expressed in most other tissues of the body, including liver, colon, kidney, brain and lung (Thierry-Mieg and Thierry-Mieg, 2006) . The CES2 gene sequence is defined by > 500 GenBank entries and maps at 16q22.1 on the positive strand (Table 1) . CES2 transcription produces 11 alternatively spliced mRNAs, of which at least 3 are derived from 12 exons and form apparent fully functional CES subunits, namely CES2a, CES2b and CES2c (Figure 2 ).
The human CES5 gene sequence is currently defined by 17 GenBank entries and encodes at least 4 alternatively spliced mRNAs which are derived from several tissues of the body, including brain, testis and lung (International Human Genome Sequencing Consortium, 2004; Thierry-Mieg and Thierry-Mieg, 2006) (Figure 3 ).
Human CES5 maps on chromosome 16 at 16q12.2 in a tandem location to human CES1 and encodes 4 isoforms which appear to be fully functional, derived from 13 exons: CES5a, CES5b, CES5c and CES5d. Figure 2 describes the gene structures for human CES1, CES2 and CES5, based on the 5' to 3' alignments of multiple mRNAs respectively on the human genome and obtained using AceView (Thierry-Mieg and Thierry-Mieg, 2006) . These genes are transcribed into several multiple splice variants in each case, although only those isoforms with capped 5' ends and validated 3' ends are shown: CES1 encodes at least 3 such isoforms with 14 exons in each case; human CES2 encodes at least 3 mature isoforms although these are derived from 12 exons; while human CES5 encodes at least 4 mature isoforms with the CES5a isoform being derived from 13 exons. Human CES1 and CES5 are encoded on the minus strand whereas human CES2 is encoded on the plus strand. Figure 1 shows the locations of the intron-exon boundaries for human CES1, CES2 and CES5 gene products and their positioning within the aligned amino acid sequences. Exon 1 corresponds to the encoded signal peptide in each case, with the last exon encoding the endoplasmic reticulum targeting sequence (for human CES1 and CES2) or the C-terminal sequence involved in a proposed role in the secretion of human CES5. There is identity or near identity for the intron-exon boundaries for each of the human CES1, CES2 and CES5 genes, with the exception of an additional human CES1 exon boundary (forming exon 9), and the absence of an intron-exon boundary for human CES2 within exon 5.
At least 3 additional human CES genes have been described which are also located on chromosome 16 within two segments of CES gene clusters ( Figure 2 ; Table 1 Figure 1 shows the comparative secondary structures previously reported for human CES1 (Bencharit et al., 2003; 2006; Fleming et al, 2005) or predicted for human CES2 and CES5. Similar α-helix β-sheet structures were observed for the three human CES gene products examined, which was readily apparent near key residues or functional domains, including the α-helix within the N-terminal signal peptide and the β-sheet and α-helix structures surrounding the active site Ser228 (human CES1). In addition, a large random coil region (residues 55-117 for human CES1) was predominantly retained within human CES2 and CES5. Other sites however showed differences in predicted secondary structures for human CES5, in comparison with the reported structure for human CES1, including the predicted 'Z-site' for CES5 ( human CES1 Gly356), which has a larger helix involving both this site and the proximate active site residue (human CES1 Glu354); the predicted 'side door' for CES5 (human CES1 Val424-Met425-Phe426), for which a large helix (human CES1 residues 410-439) was divided into 2 smaller predicted helices for human CES5; and an additional α-helix which was observed at the extended C-terminus for human CES5. It should be recognized however that predictions of CES secondary structure may not fully reflect CES structures in vivo and may serve only as a guide as to the comparative structures for CES5 and other CES subunits.
Secondary Structures for Human CES1, CES2 and CES5
Comparative Amino Acid Sequences for Mammalian CES5. A Stop Codon within the Cat CES5 Gene. Figure 4 examines the comparative amino acid sequences for CES5 from 11 mammalian species. These CES5 sequences were complete with the exception of sheep epididymus CES5 (Ecroyd et al., 2005) which aligned with residues 118-498 of human CES5; and cat CES5, reported by Miyazaki et al (2003) and based on a cat kidney RT-PCR cDNA clone, which had a sequence aligning with human CES5 residues 1-544. The cat CES5 sequence, which lacked 30 residues at the C-terminus end, has apparently arisen from a gene mutation which introduced a stop codon (TGA) at a position encoding residue 545 (normally Ile545) for other mammalian CES5 sequences. A comparison of dog and cat CES5 exon 13 DNA sequences ( Figure 5 ) indicated that a GT insertion at this position in the cat genome created a stop codon that resulted in a shortened (544 residues) cat CES5. The reduction in length for the sheep CES5 sequence may have arisen from either posttranslational modification of the male reproductive secreted enzyme; from the translation of a shorter spliced isoform CES5 mRNA isoform; or from gene sequence changes for the sheep CES5 gene.
The following mammalian CES5 residues were consistent with functions and aligned positions to those described for human CES1 Bencharit et al., 2003; 2006) : a 26 residue N-terminus hydrophobic signal peptide containing a large α-helix; a ten residue (amino acids 56-65) trans-membrane sequence; four cysteine residues forming disulfide bonds (Cys94; Cys102; Cys278; Cys291) ; CES5 active site triad residues : 226Ser; 345Glu; and 437His; a predicted 'Z-site' for CES7 at 347Gly, which may play a role in cholesterol binding; the predicted CES5 'side door' at residues 410Val-411Phe-412Phe; and a predicted human CES5 active site 'gate' at 543Ile, which may play roles in facilitating the release of acyl groups following hydrolysis or transesterification.
Mammalian CES5 sequences differed in the number and distribution of potential N-glycosylation sites which may play a role in enhancing the stabilities and catalytic activities for these enzymes (Table 3 ). Seven such sites were observed although only three of these were found in most CES5 sequences examined, including Site3: 281Asn-282Ala/Val/Ser-282Ser; Site 4: 363Asn-364Lys/Glu-365Ser; and Site 7: 522Asn-523Met/Ile/Val-524Ser.
Most mammalian CES5 sequences contained 3 or 4 such sites which compares with the single N-glycosylation site reported for human and baboon CES1 and CES2 (Kroetz et al., Pindel et al, 1997 ; RS Holmes, J Glenn, JL VandeBerg and LA Cox, Baboon carboxylesterases 1 and 2: sequences, structures, and phylogenetic relationships with human and other primate carboxylesterases, unpublished). This additional capacity for N-glycosylation and binding of carbohydrate residues may contribute significantly to increasing the stability and activity of these enzymes, particularly in light of their distribution in fluids of the body.
Predicted secondary structures for the mammalian CES5 sequences examined showed similar patterns of α-helices and β-strands, although some species differences were observed, including an additional helix (residues 242-251) for orangutan and horse CES5; the absence of predicted helices following the 345Glu active site residue for mouse and rat CES5 (residues 348-354) and rat, human and chimp CES5 (residues 356-359), respectively; and the lack of a predicted C-terminal helix for rat CES5.
Phylogeny of Human CES Gene Products and of Mammalian CES5
Phylogenetic and sequence alignments studies on vertebrate and invertebrate CES have reported evidence for at least five distinct CES gene family clusters, namely CES1, CES2, CES3, CES5 and CES6, arising from rapid gene duplication events between 328-378 million years ago (Holmes etal., 2008) . In addition, further gene duplication events have apparently occurred during mammalian evolution among common ancestors for rodents, generating at least four CES1 and CES2 like genes in each case; and the opossum, where three CES2 like genes have been described (RS Holmes, J Glenn, JL VandeBerg & LA Cox: Baboon carboxylesterases 1 and 2: sequences, structures and phylogenetic relationships with human and other primate carboxylesterases, unpublished; Holmes et al., 2008) .
A phylogenetic tree ( Figure 6 ) was calculated by the progressive alignment of five human CES amino acid sequences and eleven mammalian CES5 sequences which shows clustering into five main groups (or families) for the CES1, CES2, CES3, CES5 and CES6 'like' gene products. The eleven mammalian CES5 sequences clustered together within a single group which supports the proposal that these form part of a single enzyme class. Table 2 summarizes the percentages of identity for these enzymes and shows that mammalian CES5 sequences are > 66% identical which contrasts with the 42-45% identities observed for human CES1, CES2 and CES5. In addition, more closely related species show higher levels of sequence identity for CES5, including > 95% identical for primate species, human, chimpanzee, orangutan and rhesus monkey. Holmes et al. (2008) have recently reported evidence for a rapid early diversification into at least five CES gene family clusters, namely CES1; CES2; CES3; CES5; and CES6, and reported an estimated time for the origin of these CES gene duplications at around 328-378 million years ago. Based on this report, we have concluded that the CES7 primordial gene predates the eutherian mammalian common ancestor (estimated at around 105 million years ago) (Murphy et al., 2001; Woodburne et al., 2003) by > 200 million years. In addition, it is also apparent that the mammalian CES5 gene has been derived from a common ancestor shared by all eutherian mammals ~100 MY ago.
CES5 Functional Aspects
Mammalian carboxylesterase 5 (CES5) (also called cauxin and CES7) is a distinct CES gene family and a member of the CES super-family of genes encoding enzymes of broad substrate specificity and responsible for the detoxification and metabolism of a wide range of carboxylesters, thioesters and aromatic amides, including xenobiotics, narcotics and clinical drugs, and which have the capacity to catalyze a number of cholesterol and lipid metabolic reactions (Becker et al., 1994; Satoh and Mizakawa, 1998; Satoh et al., 2002; Redinbo and Potter, 2005; Tsujita and Okuda, 1993; Diczfalusy et al., 2001; Dolinsky et al, 2001 ). More specific roles for mammalian CES have been described, including the activation of lung surfactant (Krishnasamy et al., 1998) ; the detoxification of organophosphate and carbamate poisons (Jakonivic et al., 1996; Satoh and Hosokawa, 1998) ; the activation of several prodrugs used in treating various diseases such as influenza (He et al., 1999) , cancer (Humerickhouse et al., 2000; Ohtsuka et al., 2003; Tabata et al., 2004) and high blood pressure (Takai et al., 1997) ; providing additional metabolic capacity as lipid hydrolases for neutral fats and phopholipids in tissues of the body (Mentlein et al., 1988; Ghosh et al., 1995; Tsujita and Okuda, 1993; Okazaki et al., 2006) ; and contributing to glucocorticosteroid drug activation within bronchial cells following prodrug inhalation (Mutch et al., 2007) .
The differential tissue distribution and microlocalization of CES family members may provide an important clue as to their roles within mammalian organisms. Mammalian liver is the predominant site for drug metabolism in the body and is also the major source of CES1 and CES2 (with CES1 > CES2) and is also the predominant site of drug metabolism in the body, where these enzymes play major roles in drug clearance from the body, following absorption of drugs and xenobiotics into the circulation (Pindel et al., 1997; Imai, 2006) . CES1 and CES2, which are found with high activities in mammalian intestine (with CES2 > CES1), have been implicated in the first pass clearance of several drugs in rats. The predominant intestinal drug metabolism activity is located in the ileum and jejunum and processed via CES2 (Imai et al., 2006) . Differential roles for CES1 and CES2 in drug metabolism have been investigated for the anti-cancer drug irinotecan (CPT-11) which is converted to its active form predominantly by CES2 which has a 12 to 26 fold higher affinity for CPT-11 as compared with CES1 (Humerickhouse et al., 2000; Xu et al., 2002) In contrast with mammalian CES1 and CES2, which are predominantly localized within the liver and intestine endoplasmic reticulum and are strongly membrane bound, mammalian CES5 is predominantly expressed in peripheral tissues, including brain, kidney, lung and testis (Thierry-Mieg and Thierry-Mieg, 2006) , and is a secreted form of CES enzyme due to the absence of the microsomal targeting sequence found at the carboxy-terminus ( Figure   3 ; Figure 5 ). CES1 HIEL and CES2 HTEL C-terminal sequences, and similar tetrapeptide sequences, have been previously shown to direct the microlocalization of mammalian liver CES within the endoplasmic reticulum (Robbi and Beaufay, 1991) . Miller and coworkers (1999) have modified this sequence for human CES1 using site-directed mutagenesis to that of HIER, substituting the C-terminal leucine with arginine, and observed that the enzyme was secreted rather than retained within the cultured cells examined. Human and other mammalian CES5 sequences normally have a long hydrophobic C-terminal sequence which apparently provides the trigger for secretion. The cat CES5 amino acid sequence lacked the elongated hydrophobic C-terminal sequence observed for all other mammalian CES5 sequences examined and the C-terminus tetrapeptide motif observed for human CES1 and CES2 sequences.
Recent studies on mammalian CES5 have supported at least two major roles for this secreted enzyme within mammalian fluids. For example, domestic cat CES5 (also called CES7 and cauxin for carboxylesterase-like urinary excreted protein) represents a major protein in urine, particularly from adult males, being secreted from epithelial cells of kidney distal tubules where it is apparently functions in regulating the production of a pheromone precursor (Miyazaki et al. 2003; 2006) . CES5 has also been identified in mammalian male reproductive fluids, specifically in the epididymal fluids of sheep, pigs, mice, horses and cats, where it was associated with a soluble form of the prion protein (Ecroyd et al., 2005) . The physiological role for epididymyl CES5 in mammals remains to be determined however it is likely that the enzyme performs several roles given its broad substrate specificity, and may contribute significantly to lipid and cholesterol transfer processes within male reproductive fluids. With the exception of cat, mammalian CES5 sequences retained the Z-site glycine (347Gly for human CES7). This residue facilitates cholesterol analogue binding by human CES1 Bencharit et al., 2003; 2006) , and its retention may indicate that this property is shared by mammalian CES5 which may play a role in cholesterol ester metabolism. In addition, human CES5 'side door' (410Val-411Phe-412Phe) and 'gate' (543Ile) residues have retained the hydrophobic property observed for the corresponding human CES1 residues, and this may reflect similar roles for mammalian CES5 in regulating acyl release following hydrolysis or transesterification Bencharit et al., 2003; 2006) . CES5 has also been identified in human brain (Ota et al., 2004) and is likely to be localized in the cerebrospinal fluid or other fluids of the brain. This expression and likely distribution in neural fluids may provide a guide as to its role, such as protecting the brain and other neural tissues from drugs via the blood brain barrier or the cerebrospinal fluid. We conclude that CES5 plays a distinctly different role to that of the major liver (CES1) and intestine (CES2) enzymes, and may serve as a soluble fluid form of CES within peripheral tissues of the body, with specialized functions in drug, xenobiotic and lipid metabolism, which remain to be fully determined.
Conclusions
The results of the present study have demonstrated that mammalian CES5 from several species share key conserved sequences and structures that have been reported for human CES1, which are consistent with this family of enzymes also serving a broad role in carboxyl ester hydrolyis and transesterification reactions. Mammalian CES5 also exhibited family specific sequences which are distinct from the CES1 and CES2 gene families previously investigated (Bencharit et al., 2003; 2006; Schewer et al., 1997; Pindel et al., 1997) , suggesting specialized roles in metabolism. Moreover, all of the mammalian CES5 sequences studied lacked the C-terminus sequence which ensures retention of the enzyme within the endoplasmic reticulum (HIEL and HVEL for human CES1 and CES2 respectively) enabling secretion of this enzyme into fluids of the body where it may perform specific roles in drug, pheromone and lipid metabolism. See Table 1 for sources of CES5 sequences; * show identical residues for mammalian CES5; : 2 alternate residues. Residues involved in microsomal processing at N-(Signal peptide); Nglycosylation residues at potential N-glycosylation sites; AS shows active site triad residues Ser; Glu; and His. 'Side door', 'Gate' residues and Cholesterol binding Gly residue (Z site) (for human CES1) Disulfide bond ----Cys residues. Charge clamp residues previously identified for human CES1; Predicted helix; Predicted Sheet. Large font shows known or predicted exon junctions. Exons are numbered for CES1, CES2 and CES5. Predicted transmembrane regions are shown Sequences were derived from BLAT analyses using known sequences for dog and cat CES5 sequences and the UCSC web site (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start ) (see Table 1 for sources). * shows identical nucleotide residues following alignment of sequences. Stop indicates STOP codon for C-terminus observed in the cat CES7 gene. Note the apparent GT INDEL (insertion deletion) within the CES5 sequence generates an earlier termination of translation. The tree is labeled with the gene name and the species name. Note the separation of distinct CES1, CES2, CES3 and CES6 gene families from the mammalian CES5 family cluster. The gene duplication events generating five distinct gene families (CES1, CES2, CES3, CES5 and CES6) have been previously estimated to have occurred ~ 328-378 million years ago (Holmes et al., 2008) .
